This paper considers the potential contribution of Industrial Symbiosis in fostering environmental and economical benefits in the area of Nea Karvali, Kavala, Greece. Industrial Symbiosis describes the mutualistic interaction of different industries for beneficial reuse of waste flows or energy cascading that results in a more resource-efficient production system and fewer adverse environmental impacts. Results from the case study presented in this paper, show that the implementation of symbiotic relationships in the industrial area under study, would lead to significant environmental benefits (GHG reduction, reduction on natural sources consumption) and would give a boost to the local economical sector by developing new business opportunities.
Introduction
Sustainability and Sustainable Development (SD) is a difficult and complex issue (Munier, 2005 ) that requires a lot of attention and social awareness. Many definitions have been proposed, although one of the most widely accepted is found in the Brundland report (World Commission on Environment and Development,1987). It states that: Sustainable development is development that meets the needs of the present without compromising the ability of future generations to meet their own needs. One more definition that provides a methodology to follow to reach sustainability is given by Veiderman, stating that "sustainability is a vision of the future that provides us with a road map and help us focus our attention on a set of values and ethical and moral principles by which to guide our actions" (Viederman, 1993) .
To address the issue of sustainable development of industrial regions, several theories and approaches such as Industrial Ecology (IE) and its tools, are being researched, investigated, implemented and practiced.
Industrial Ecology is defined by Graedel as "..the means by which humanity can deliberately and rationally approach and maintain sustainability, given continued economic, cultural, and technological evolution. The concept requires that an industrial system be view not in isolation from its surrounding systems, but in concert with them. It is a systems view in which one seeks to optimize the total materials cycle from virgin material, to finished material, to component, to product, to obsolete product, and to ultimate disposal. Factors to be optimized include resources, energy, and capital" (Graedel,1994) . Another definition is provided by Boons et al., stating that "Industrial ecology is the study of the material and energy flows resulting from human activities. This study provides the basis for developing approaches to close cycles in such a way that ecological impact of these activities is minimized" (Boons et al, 2009 ).
According to Chertow, IE address three levels: "facility or firm", "inter-firm" and "regional/global" (Chertow,2000) . Within this approach, Industrial Symbiosis (IS) can be seen as part of IE on the "inter-firm" level (Jacobsen, 2006). Furthermore, IS and eco-industrial networking are presented as IE tools for implementing and applying IE in industrial regions, as shown in the Figure 1 below (Lifset, Graedel,2002) . (Chertow,2000) Industrial Symbiosis (IS) aims at "engaging traditionally several separate firms and industries in a collective approach to competitive advantage involving physical exchange of materials, energy, water, and by-products" (Chertow, 2000) . Within this concept, the key elements to IS are defined as "collaboration", "synergistic possibilities offered by geographic proximity" and "co-located firms".
Eco-industrial parks are identified as concrete realizations of IS (Chertow, 2000 Based on the theoretical issues mentioned above an IS case study was conducted for the area of Nea Karvali, in NE Greece.
Description of the Industrial Area Under Study
The area of Nea Karvali was chosen, as it is known for its important industrial activity in Greece. This case study focuses not only on the potential symbiotic relationships, but also on developing the industrial activity in the local region, with proposals based on the principles of IE and on the experience gained from other symbiotic projects from all over the world.
The most important industrial areas of northern Greece according to number of industries residing in each area are presented in Table 1 . 
Existing industrial activity
The major industrial activities in the area are those of an oil exploitation and extraction company (OEEC) and of a fertilizer industry (FI).
Oil exploitation and extraction company (OEEC)
The only company extracting hydrocarbons in Greece, i.e. oil and natural gas is located in the area. This uniqueness ranks Greece on the list of oil-producing countries and causes the general public interest in the development of technical and operational activities.
The land infrastructure is located approximately 3 km east of the village of Nea Karvali alongside the coast ( Figure  2 ) , and occupies an approximate area of 26 Ha including production facilities and outdoor storage facilities. Marine facilities consist of gas production off shore platform and rigs for off shore production of crude oil.
The production process is comprised of:
• Stabilization of crude oil (production capacity: 27,000 bbls/d (barrels per day).
• Treatment of sour gas (production capacity: 333,000 Νm 3 /d. • Production of liquid or solid sulfur (production capacity: 478 t/d (metric tons per day).
• Production of electricity for own consumption (production capacity: 17.67 MWe (Megawatt electric: electric output of a power plant in megawatt)).
• Liquid natural gas production (production capacity 264 m 3 /d).
Fig 2. Industrial area under study Fertilizer industry (FI)
The FI is engaged in the production of ammonia, acids and fertilizers since 1965. The facilities of the company cover an approximate area of 258 Ha (see Figure 2 ) and include five production units, namely:
• Ammonia production unit.
• Nitric acid and nitric fertilizers production unit.
• Sulphuric acid production unit.
• Phosphoric acid production unit.
• Compound fertilizer production unit.
The facility is listed in the European Pollutant Release and Transfer Register with the 2012 data summarized in the Table 2 below. 
Results and Discussion
Based on the production processes of the industrial activities mentioned above the following symbiotic actions may be proposed (summarized in Table 3 below). 
Carbon dioxide from FI to OEEC
Carbon dioxide (CO 2 ) is one of the most significant byproducts of the FI, produced during the production process of ammonia. The amount of CO 2 released to the atmospheric environment was measured to be 180 kt in 2012 (see Table  2 ). Currently there is no CO 2 capture technology supported in the facilities, meaning that the existing amounts of CO 2 are emitted directly to the atmosphere. Due to the environmental significance of this by-product, as CO 2 is recognized as one of the major greenhouse gases (GHG), the implementation of a CO 2 capture technology is considered necessary. The CO 2 capture technologies are distinguished by the processing phase in which the CO 2 is isolated (Koukouzas et al, 2010 , 2007) . The FI already has an ammonia production unit, so it would be in their benefit to invest in this method.
OEEC could use the captured CO 2 to produce more oil and gas with the enhanced oil recovery method (EOR). EOR is a term used to describe a set of processes intended to increase the production of oil beyond what could normally be extracted when using conventional oil production methods. While traditional oil production can recover up to 35-45% of the original oil in place, the application of an EOR technique, typically performed towards what is normally perceived to be the end of the life of an oilfield, may produce an additional 5-15% (Tzimas et al, 2005) .
One of the EOR techniques is based on CO 2 utilization. The injection of CO 2 at high pressure into an oil reservoir can mobilize oil that has not been extracted using traditional methods. Furthermore, a fraction of the injected CO 2 remains stored underground, contributing to CO 2 removal from the atmosphere and combating therefore to global climate change through greenhouse gas removal (Tzimas et al, 2005) .
The reservoirs in the area of Prinos, are a potential area for the implementation of the EOR method with total capacity of 17 Mt. Based on the evidence from other studies, the implementation of EOR method by the OEEC can be translated to 5-15% of additional oil, which is a significant number of barrels of oil.
Sulfuric acid from FI to OEEC
FI produces 375 kt/year of sulfuric acid, which is used as a raw material for the production of phosphoric acid and compound fertilizers. Overall the total needs of sulfuric acid for the production processes of FI is up to 315 kt/y. Annually there is a 60 kt excess of sulfuric acid stored for future use.
A part of this excessive amount of sulfuric acid could be supplied to the OEEC, that uses sulfuric acid as utility material. The OEEC needs annually 9,5 kt of sulfuric acid, or 16% approximately of the excess of sulfuric acid produced by FI.
Phosphogypsum (PG) reuse
Besides CO 2 , phosphogypsum is another significant byproduct from the FI. It is produced during the production process of phosphoric fertilizers, in the phase of phosphorate and sulfuric acid reaction. The total amount of this byproduct is up to 300 kt/year. Currently the FI is storing all the amount of this by-product in the facilities and is looking into finding the most suitable and efficient way of phosphogypsum reuse.
PG is an inorganic residue, containing, among others, heavy metals and radioactive elements, which in large quantities can cause chemical and radioactive pollution. The source of radioactivity in PG is due to the presence of uranium and various products of uranium decomposition (such as radium). Therefore, all the proposed solutions for reusing PG, require control of the material and adoption of appropriate measures to proper and safe usage (Tayibi et al, 2011) .
The potential reuses of PG are summarized below:
• Use in production of construction materials o Use in cement industry to produce Portland type cement (Smadi et al, 1999) . o Use in ceramic and brick industry (similar method is applied successfully in China and India) (Shen, 2010 
Industrial wastewater reuse
Industrial wastewater reuse is a typical example of a symbiotic relationship in an Eco-industrial park. Companies invest in wastewater treatment and reuse not only to comply with effluent standards, but also because product recycling and raw material recovering benefit a company's image as well as the bottom line (Visvanathan et al, 2004) . In this case study, potential case scenarios for reusing the wastewater both from OEEC and FI were examined. OEEC produces approximately 1,300 m 3 /hr of industrial wastewater, while FI produces 100-120 m 3 /hr, at a temperature of 50-60 o C. Given its elevated temperature, the wastewater could be used for heating local facilities such as greenhouses and fish farms and/or public utility buildings, contributing to the societal image of the facilities.
Taking into account the scheduled future industrial activities in the area involving the operation of a floating regasification LNG terminal, in order to regasify the LNG, the necessary heat amount is taken from sea water, which is subsequently discharched cooler and chlorinated to the sea. Therefore, industrial wastewater both from OEEC and FI could partially replace the sea water utilization for LNG regasification, contributing positively to energy and resources savings.
The potential scenarios for industrial wastewater reuse are summarized in Fig 3 . 
Fish farm development
Fishing is a very important economic activity in the wider area of Kavala. The northern Aegean fish field has been recording a sharp production decrease the last decade due to fishing intensification and other anthropogenic reasons outside the scope of this study. Thus as a countermeasure the development of fish farms and/or the support of the existing fish farms in the vicinity of FI and OEEC is considered, following the successful example of fish farming in Kalundborg, Denmark (Brings Jacobsen, 2006). The main issue for fish farming is the control of the water temperature during winter and summer months. A closed circuit with the warm wastewater from OEEC and FI could be used for heating the water of fish farms during winter time. On the other hand, in the case that the LNG floating plant is materialized, the discharged cool water could be used, if needed, for cooling the fish farm waters during summer months.
Liquid sulfur from OEEC to FI
FI needs sulfur as a raw material for the production of sulfuric acid. More specifically the need for liquid sulfur is quantified up to 130 kt/year. OEEC produces liquid sulfur as a main product, to an annual capacity of 33 kt/y. Even though the annual amount of liquid sulfur produced from OEEC does not cover the annual needs of FI, it could be a significant contribution of material exchange towards industrial symbiosis and sustainable development.
Reuse of petroleum sludge
Petroleum sludge, a mixture of heavy hydrocarbons, asphaltenes and mineral solids, is a solid waste resulting from cleaning activities during the maintenance of the OEEC facilities. The total amount of petroleum sludge in the OEEC facilities amounts to 560m 3 . Materials derived from the petroleum refining are used, after processing, in road works. More specifically in our case the petroleum sludge can be used to produce tar which is a core layer material in road construction and after further treatment, can be used for asphalt production (pandora.meng.auth.gr). It is proposed therefore to direct the petroleum sludge of OEEC to relevant activities.
3.8 Greenhouse development with CO 2 enrichment CO 2 enrichment in greenhouses is a common procedure to enhance photosynthesis and to increase crop yield. In northern Europe it is now routinely used in tomato production and has increased yields by 30-40%. Elevated CO 2 concentration also increases the optimal growth temperature and can therefore be beneficial in warm climates from this point of view. On the other hand, in warm climates due to the increased ventilation needs of greenhouses in order to reduce air temperature and/or humidity, the CO 2 is removed as well, resulting in decreased CO 2 levels (Amir et al, 2005) , which ultimately increase the financial cost of the enrichment.
In order to avoid the conflict between CO 2 enrichment and ventilation processes, it is necessary to determine the season of enrichment. It is better to choose a season when the need for ventilation is limited, i.e. the period between mid fall and the start of spring. Furthermore it is necessary to determine the amount of CO 2 introduced to the greenhouse atmosphere. The minimum amount required from the crop in order to induce photosynthesis is 5 g/m 2 /h, even though larger amounts of CO 2 are often introduced, reaching to approximate amounts of 20 g/m 2 /h. The available quantities of CO 2 are higher that the amount plants could intake and could maintain high CO 2 concentrations, even during greenhouse ventilation periods (Nederhoff, 2004) .
As mentioned above, the annual quantities of CO 2 produced by FI reach approximately 180 kt. As a result, those quantities can support green houses of a significant size given the range of the required CO 2 quantities (5-20 g/m 2 /h = 44-175 kg/m 2 /year = 0,4-1,7 kt/ha/year) to promote photosynthesis and sustain the health of plants. Moreover, the available CO 2 annual quantities are sufficient enough to be used both for enhanced oil recovery in OEEC and for CO 2 enrichment in spacious greenhouse installations.
3.9 Liquid Natural Gas from LNG floating plants to OEEC Another synergy that could potentially take place is the utilization of the boiled off LNG quantities to the steam generating boilers of OEEC. The utilization of natural gas in OEEC terminated recently due to safety and financial reasons. Should the LNG terminal and regasification plant is implemented, OEEC, could benefit through the potential supply of liquid natural gas.
Underground storage of natural gas
The natural gas reserves in the reservoirs in the OEEC reservoirs are heading for exhaustion. These geological structures have successfully kept their hydrocarbon deposits trapped for million of years and therefore are particularly suitable for storing natural gas. Nowadays, depleted reservoirs are by far the most popular way of underground natural gas storage and the least expensive to develop and operate (www.eia.gov).
The final decision in order to develop this project depends on geographical and economical factors, thus thorough investigation is needed in order to proceed with such a synergistic idea. Figure 4 shown below, summarizes all the proposed synergistic flows and interactions in the industrial symbiosis case study examined here. 
Conclusions
In this paper the potential symbiotic actions between two industrial activities located in NE Greece were examined. The industrial activities examined were oil exploitation and extraction (OEEC) and a fertilizer industry (FI). Based on the production processes and the specific characteristics of the industrial activities the following major symbiotic actions are proposed in order to increase the utilization of the material flows and to decrease the combined environmental footprint of the industrial site:
• Focus should be drawn to by-products that occur in significant amounts both for their immediate and proper management and for the development of new activities in the local region, such as PG (first raw material for brick and plasterboard manufacturing, filler material for the local quarries).
• The construction of a greenhouse that will boost the agricultural production in the region and could potentially be suitable for symbiotic relationships (wastewater reuse, CO 2 enrichment).
• An immediate solution for capturing and reusing CO 2 should be found , in order to reduce the environmental impact from greenhouse gases.
• The creation of a network that ensures the reuse of industrial wastewater, both for industrial and for social (heating for public utility buildings) use.
Quantifying the environmental benefits from such a project in the area of Nea Karvali, we can see that there will be a significant reduction of greenhouse gases (200 kt/yr of CO2), reduced environmental impacts from storing hazardous by-products (phosphogypsum), and reduced consumption of first raw materials (reuse of approximately 2 Mt/yr of water).
In conclusion, it is safe to say that there are encouraging prospects for adopting already proven practical tools of Industrial Ecology, in Greece. Specifically, the prospects of such a project in the area of Nea Karvali are high as it could be beneficial for the development of an already important industrial area.
Therefore the present study can be characterized as an initial effort to assess the potential increase of symbiotic actions and improvement of the overall environmental performance of the specific industrial area. In order to proceed in a more elaborated study, further data related with the production processes, the environmental releases and the financial performance are required.
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